The orientation of endothelial cells near arterial branch sites has been compared with flow streamlines near the arterial wall. We detected cell orientation by examining cell impressions in vascular casts of rabbit and mouse arterial branch sites. Flow streamlines were assessed in glass models with flow parameters approximating mean in vivo values. At high Reynolds numbers (large arteries), secondary flows develop near branch sites, and this was reflected in the pattern of streamlines near the vessel wall. At symmetrical Y bifurcations, streamlines originating near the inner wall of the branches are directed toward the lateral wall; thus they appear to wind around the daughter vessels and merge on the lateral wall. A similar phenomenon was observed on a 90° side branch. When flow conditions in the Y bifurcation and side branch models approximated those at the iliac bifurcation and renal artery origin, respectively, the streamlines near the walls were almost identical to the patterns of endothelial cell orientation. At very low Reynolds numbers, no secondary flow phenomena occurred and streamlines followed branch geometry. This mimicked endothelial cell orientation in very small vessels. Hence the influence of mean blood flow on endothelial cells was well predicted by the model studies. Circ Res 48: [481][482][483][484][485][486][487][488] 1981 From the
THE influence of blood flow on arterial endothelium is receiving increased attention because of hypotheses that flow-induced alteration in cell function or integrity may be important in the initial stages of atherosclerosis (Fry, 1973; Gessner, 1973; Patel et al., 1979) . For example, high shear stress can produce functional changes in endothelium (Fry, 1973; DeForrest and Hollis, 1978) and may cause gross structural damage (Fry, 1968; Reidy and Bowyer, 1977) . In addition, mechanically induced damage can be used to initiate experimental lesions (Bjorkerud, 1969; Moore, 1973) . Defining the responses of endothelium to normal hemodynamic stresses is critical to an understanding of the responses to high stresses.
Considerable evidence has accumulated indicating that the shape and orientation of endothelial cells is determined by blood flow. Silkworth and Stehbens (1975) have related the long thin shape of these cells to shear forces transmitted from flowing blood. They noted that the cells in straight segments of arteries were oriented along the axis of the vessel and suggested flow was responsible for this orientation. Flaherty et al. (1972) tested this experimentally by surgically altering the orientation of the cells with respect to flow. Evans blue staining allowed visualization of cell nuclei which, over a period of weeks, took on an orientation that was once again aligned with flow. Recently Reidy and Langille (1980) , using scanning electron microsopy, have confirmed that the entire cell, and not just the nucleus, is reoriented following flow alteration.
There is a limited understanding of how normal blood flow affects endothelium in regions of complex arterial geometry, where lesions normally develop (Montenegro and Eggen, 1968; Cornhill and Roach, 1974) . At the flow dividers of aortic ostia, an abrupt transition in cell orientation is known to occur. Reidy, 1979; Reidy and Langille, 1980) . In addition, Flaherty et al. (1972) found that cell nucleus orientation exhibited a funnelling toward the branch ostia a considerable distance upstream from aortic branches. More detailed information on the relation of cell morphology to flow near branches is not available. There are two reasons for this: (1) arterial tissue is subject to marked shrinkage during fixation and dehydration procedures (McGarvey et al., 1980) . This anisotropic shrinkage causes distortion of the branches area. Exposing the luminal surface also necessitates distortion of the branch geometry. (2) It is impossible to determine blood flow patterns near the endothelium in vivo.
In this study a vascular casting technique (Reidy and Levesque, 1977) for examining negative images of endothelial cells by scanning electron microscopy (SEM) is used. The technique eliminates shrinkage artefacts associated with tissue fixation and dehydration, and luminal geometry is preserved by the rigid cast. Results then are compared to flow direction near the wall as determined by examining flow in glass models of the branches. VOL. 48, No. 4, APRIL 1981 Methods
Visualization of Endothelial Cell Morphology by Vascular Casting
Adult male, New Zealand White rabbits were sedated with 0.7-1.0 ml of Innovar-Vet (0.4 mg/ml fentanyl, 20 mg/ml droperidol) injected intravenously and then killed by cervical dislocation. The chest was opened rapidly and the thoracic aorta cannulated with a short (7 cm), wide bore (4 mm) Tygon tube. A femoral artery was cut and the aorta flushed with Tyrode's solution (137 mM NaCl, 2.68 nun KC1, 1.80 mM CaCl 2 , 0.526 mM mgCl 2 , 11.9 mM NaHCOs, 0.333 mM NaH 2 PO 4 , 5.56 mM glucose). Silver nitrate (50 ml, 0.25%) then was flushed through the aorta over 30 seconds before flushing again with Tyrode's solution. This standard staining procedure causes a silver precipitate to build up in the cell boundaries which leaves an impression of these boundaries in the vascular cast. Next, Batson's No. 17 corrosion casting compound (Polysciences Inc.) was mixed and infused under a constant pressure of 110 mm Hg provided by a pressure reservoir via a water trap (see Reidy and Levesque, 1977) . As soon as casting material exuded from the cut femoral artery, this vessel was occluded with hemostats. Since elasticity of soft tissues is temperature dependent (Apter, 1972) , temperature changes will alter arterial geometry. Therefore precautions were taken to ensure constant arterial tissue temperature during casting. This was done by extending the chest incision to the lower abdomen immediately after flow of the casting material was started and flooding the thorax and abdomen with a rapid perfusion of 0.9% saline raised to 37°C by a Haake E52 heater circulator. This prevented cooling of the tissue toward ambient temperature or warming during the exothermic setting of the casting compound, although the latter effect is not large in blood vessels (Levesque et al., 1979) .
After the casting material had set (5-15 minutes after infusion) the cast vessels were removed and as much tissue as possible was dissected from the cast. The cast then was immersed in 25% NaOH until all remaining tissue was removed.
The above technique was repeated with four adult male mice (New Zealand Black/White cross).
Scanning Electron Microscope (SEM) Examination of Casts of Arterial Branches
Cast segments with branches of various sizes were mounted on aluminum SEM stubs and were coated with gold in a Technics Sputtering unit. A Philips 501 scanning electron microscope was used to view the specimens. Figure 1A shows a low power micrograph of one of the cast; figure 1 , B and C, are high power views of other casts. Under high power, the impressions left in the casting material by both the cell boundaries (or more correctly, the silver precipitate built up in the boundaries) and the endothelial cell nuclei are clearly visible. The major advantages of this technique for examining endothelial cell morphology are (1) that the artery does not have to be opened before the cast has set, so the three-dimensional geometry of branch sites is retained, and (2) that the tissue is not fixed or dehydrated, so shrinkage artifacts associated with these procedures are avoided. In addition, this casting material exhibits no shrinkage when setting (Reidy and Levesque, 1977) . Consequently, the endothelial cell impressions left in the cast accurately reflect in vivo shape and orientation.
An obvious difficulty is that at high power the geometry of the branch cannot be seen, whereas the cell impressions are not visible at low power. This was circumvented by centering horizontal and vertical axes on the viewing screen ( Fig. 1A ). When this is done the magnification of the SEM can be altered, knowing that the area of the specimen at the intersection of the axes will remain in the center of the field of view.
We took low power photographs and then measured the angle of orientation of cells with respect to these horizontal and vertical axes under high power. Consequently, it was possible to plot this angle on low power photograph of the branch site. The specimen was moved in the field of view by known amounts in two perpendicular directions using micrometer drives on the SEM stage. With this approach, a complete picture of cell orientation from one angle of view could be constructed. If desired, the angle of view then could be altered with the "tilt" control of the SEM stage.
Flow Near the Walls of Model Branches
The two models studied were a 90° side branch and a symmetrical Y bifurcation. For the side branch model, the daughter vessels had a total cross-sectional area of 1.25 times that of the parent trunk. This geometry approximates that of the rabbit aorta-renal artery junction found with our casts. The Y bifurcation has an area ratio of one and an angle between the daughter branches of 45°. This approximates values measured from our casts for the division of the aorta into the iliac arteries. Others have examined basic features of flow in similar models (Ferguson and Roach, 1972; Ehrlich, 1976, 1977; Roach, 1977) . Our goal was to look specifically at flow near the wall under conditions that approximated those in vessels to be studied by the casting procedures.
Steady flow through the glass models was provided from a constant pressure-head tank. Flow rates through the model and its branches were controlled with valves in the exit tubes from the branches. During experiments, branch flow rates were determined repeatedly from the volume collected in graduated cylinders in a 20-second interval. Flow rates were kept constant by making small adjustments to the control valves during the experiment.
This technique was not adequate for studying flows at very low Reynolds numbers. Consequently, a Harvard infusion-withdrawal pump (model 600-2-200) was used to withdraw fluid from the two daughter branches when Reynolds numbers were less than 50.
Streamlines near the wall were identified by dye injection. Injection ports were made from 25-gauge hypodermic needles, cut square. The needles were inserted into a rotatable collar mounted in the parent trunk of the model. The collar had the same internal diameter as the parent trunk and was located upstream from the bifurcation sites at a distance that exceeded the longest experimental entrance length; therefore the injection port did not disturb flow in the branch region. Initially, the injection needle was flush with the vessel wall. A neutrally buoyant dye (0.2% gentian violet in 1% methyl alcohol) was infused steadily (Harvard pump, model 1100) and the streamline photographed after it had stabilized. The collar then was rotated to establish a new streamline. Thus the fate of all streamlines that originated near the wall of the parent trunk could be established. The injection needle then was advanced into regions in the center of the parent vessel to identify streamlines that initially were away from the wall but impinged on the wall near the branch site. In this way streamlines for flows with Reynolds numbers (calculated using the mean velocity and diameter of the parent trunk) from 1 to 1000 were photographed. In the Y bifurcation, flow was divided equally between the two branches, and in the 90° side branch, the side branch received from 0 to 50% of the total flow.
The models were immersed in glycerin-filled tanks to reduce refraction effects, and streamlines were photographed at 90° to the plane of the branch. The tank permitted visualization of streamlines at 90° to the camera view.
Results

Orientation of Endothelial Cells in Large Arteries
Our results confirm the findings of others that the cells in large arteries, away from branches, are aligned parallel to the long axis of the artery. This was observed in both rabbit and mouse arteries (Fig. 1, B and C) , although minor qualitative differences between the two species were observed. Abdominal aortic cells were examined extensively in both species, and these appeared to be more elongated and more rigidly oriented in the rabbit aorta; i.e., the preferred orientation of the mouse cells was slightly less well-defined. Similarly, within either species, cells in small vessels were more elongate and showed more consistently axial alignment than cells in large arteries. This will be readily apparent in Figure 6A , in which cells of a small artery of the femoral bed of the mouse (foreground) can be con- VOL. 48, No. 4, APRIL 1981 FIGURE 2 Low power micrograph of cast of rabbit aorta. The origin of the superior mesenteric artery is at right and the right renal artery at the left. A small dorsal branch is also visible (top). The black lines indicate the direction of endothelial cell orientation at different sites on the cast, i.e., cells under the line are oriented in the direction of the line.
trasted with cells of the femoral artery (background).
Axial alignment of cells is not maintained near branch sites of large vessels. Figure 2 shows a low power micrograph of a cast showing the superior mesenteric and right renal artery leaving the aorta. A small dorsal branch is also visible. The direction of the dark lines drawn on the photos indicates the direction of endothelial cell orientation. At branches of large vessels there is not a simple transition from axial orientation in the parent trunk to axial orientation in the daughter branch. Instead the cells appear to wind around the daughter branches, with the cell orientation lines showing a tendency to merge on the upstream aspect of the branches (see right renal branch in Fig. 2) . It also appears that cells deviate from axial alignment some distance from the branch in both the parent and daughter vessels.
To understand the factors responsible for these patterns of cell alignment, we examined the simplest branch geometries available; a symmetrical Y bifurcation, in which a parent vessel divides into two daughter vessels, and a simple side branch, in which a vessel branches from the side of a parent trunk. Figure 3A shows cell orientation of the bifurcation of the aorta into the two iliac arteries, the largest arterial branch approximating a simple Y bifurcation. On entering the iliac arteries, cell alignment deviates toward the lateral wall of the daughter branches. This is seen in both dorsal and ventral views of the bifurcation; thus lines of cell orientation merge at the lateral aspect of the branches. Within two branch diameters downstream from the bifurcation, cells again show axial alignment. Some asymmetry of streamlines in the parent trunk (aorta) occasionally was seen (Fig. 3A) . Figure 3B , which shows streamlines adjacent to the wall of a model aortic bifurcation, is discussed in the next section. Figure 4A shows cell alignment at a side branch, the right renal artery/aorta junction. As in Figures  2 and 3A , there is a preferred alignment of cells in the origin of the branch toward the uppermost wall of the branch. In addition, a marked deviation of cells in the aorta away from axial orientation and toward the branch is evident. Figure 4B, showing streamlines in a model renal artery/aorta junction, is discussed below.
It was considered possible that patterns of cell alignment may be sensitive to branch geometry, and to the effects of nearby branches. However this was not born out when we examined other branch sites. For example, Figure 5 shows the celiac-aortic junction. Here branch angle, the relative cross-section of parent and daughter vessels, the flow velocities in the vessels, and the relationship to other vessels in the vicinity are all different from those at the renal junction. Nonetheless, the qualitative features of cell orientation are the same as for the renal branch. Cells in the parent trunk, but opposite the branch, deviate toward the branch, and cells in the origin of the branch deviate toward the uppermost aspect of the branch. These features were seen in all large side branches examined.
Direction of Flow Near the Walls of Model Arterial Branches
In vivo flow conditions were characterized using mean Reynolds numbers for flow in the aorta just upstream of the branch site, and the distribution of flow between the branches. Values chosen for close examination in the model either approximated or bracketed in vivo conditions.
Y-bifurcation: Simulation of Flow into the Iliac Arteries
We estimated a Reynolds number of 250 for the lower abdominal aorta of rabbits. This is based on measurements of aortic blood flow just above the bifurcation by West et al. (1975) , and vessel diameters measured directly from our casts. A kinematic blood viscosity of 3.8 centistokes was assumed (McDonald, 1974) . For this bifurcation we assumed equal flow distribution to the two iliac arteries. FIGURE 5 Endothelial cell orientation at the celiacaortic junction. Markers are 100 fim. VOL. 48, No. 4, APRIL 1981 Figure 3B shows streamlines near the wall of a model aortic bifurcation for a Reynolds number of 250 (dashed lines show streamlines, or portions of streamlines, that are not adjacent to the wall). On entering the branch area, the streamlines do not follow the branch geometry. Streamlines initially near the lateral walls of the parent trunk separate from the wall on entering the branch area. Streamlines close to the wall, but nearer the midline of the branch, show a deviation on entering the branch that initially is delayed but then becomes exaggerated. Thus streamlines appear to wind around the wall of the branch and approach the lateral aspect of the daughter branches.
None of the streamlines initially adjacent to the wall reaches the apex region. Instead, the fluid with the most inertia, i.e., in the center of the mainstream of flow, impinged on the apex, then wound around the daughter branch near the wall before finally running parallel to the axis of the branches. A striking similarity between the pattern of streamlines near the wall of the model and the pattern of endothelial cell orientation can be seen by comparing Figure 3 , A and B.
90° Side Branch: Simulation of Flow into the Right Renal Artery
We used the flow data of Neutze et al. (1968) and Bursaux et al. (1976) , together with dimensions measured from our casts, to estimate a Reynolds number of 500 in the aorta just above the right renal artery. Also, the above data indicate that about 20% of the flow at this level is distributed to the right renal artery. Figure 4B shows the streamlines that resulted when these flow conditions were reproduced in the 90° side branch.
Most of the streamlines originating near the wall of the parent trunk are drawn into the side branch. This reflects a tendency for the side branch to accept preferentially the slower moving (low inertia) flow near the wall of the parent vessel, since this fluid is diverted most easily from a straight path. These streamlines enter the upstream portion of the side branch and are aligned rapidly with the axis of the vessel. Those not trapped by the side branch originate opposite the branch and deviate toward it, but then deflect back toward their original path.
None of the streamlines initially near the wall of the parent vessel entered the lower portion of the side branch. Instead, flow to this region originated in the mainstream (see dashed streamlines, Fig.  4B ). Some streamlines from the mainstream of the parent vessel impinged on the apex (flow divider) and split into main branch and side branch components, the side branch component winding around the branch and approaching the upper wall before running parallel to the vessel axis. Other streamlines from the parent vessel mainstream either were diverted toward the branch but passed by it, or impinged on the wall of the branch downstream from the flow divider, then diverted toward the opposite wall; i.e., they followed the pattern defined by the streamline striking the flow divider.
Once again, the pattern of streamlines near the wall of the model resembles the pattern of endothelial cell orientation found with the arterial casts (Fig. 4A ).
Discussion
Previous investigators have altered experimentally the relative orientation between blood flow and endothelial cells and thus confirmed that flow orients the cells (Flaherty et al., 1972; Reidy and Langille, 1980) . This is why endothelial cells in straight segments of arteries are aligned along the long axis of the vessel. It is difficult, however, to predict the orientation of cells at branch sites. Here, even steady-flow patterns are complex and velocity dependent (Ferguson and Roach, 1972; Roach, 1977) , and the specific nature of flow immediately adjacent to the wall has not been studied extensively. Similarly, we are aware of no studies mapping cell orientation throughout arterial branch sites.
We have compared the direction of steady flow in model branches with the orientation of arterial endothelium. The flow streamlines at the wall were similar in all major features to the patterns of endothelial cell orientation. An exception was that modest asymmetries of cell orientation patterns were observed at the iliac bifurcation. These may reflect a slightly asymmetric flow distribution into iliac arteries, geometric asymmetry of the branch, and/or the effects of nearby branches.
Nonetheless, there is a striking similarity between cell orientation on the casts and flow direction in the model. Streamlines in the models depicted steady flow in rigid vessels that reproduced the general, but not detailed, anatomy of true branch sites. Undoubtedly the relative insensitivity of these patterns to geometry (compare Fig. 4 and 5) contributes to this. In addition, the small pulsations in arterial diameter with the cardiac cycle (McDonald, 1974) probably have little effect on local flow patterns (Lighthill, 1972) . However, the steady flows studied in the model represent a major approximation of in vivo flows. Throughout the aorta, flow velocities fall to, or are close to, zero at some time during diastole and others have stressed the major influence that pulsatile flow has in these vessels (McDonald, 1974; Ehrlich, 1976, 1977) . In particular, the velocity dependence of flow patterns (Ferguson and Roach, 1972; Roach, 1977) , indicates that flow direction varies throughout the cardiac cycle near arterial branch sites. Our results indicate that simply examining time-averaged flow can account, at least qualitatively, for complex features of endothelial cell alignment.
The complex pattern of flow at large arterial branch sites, where the Reynolds number is high, results from inertial forces. In small vessels in which the small diameter and low velocities produce low Reynolds numbers, these "secondary flow" patterns should not appear (Lighthill, 1972) , and this was confirmed in our model studies. Consequently, cell alignment should follow branch geometry in small arterial branches. Figure 6 shows cell orientation at branches in the femoral circulation of the mouse. The vessels are less than 100 |tm in diameter, and any realistic estimate of blood velocities indicates that Reynolds numbers are less than one, so secondary flows will not occur. In these vessels, cell alignment does not reproduce the pattern seen in larger arteries and does, in fact, follow the geometry of the vessels. This supports our interpretation of the pattern seen in large arteries.
In general the results of this study support a growing body of evidence that endothelial cells are oriented in the direction of local blood flow (Flaherty et al., 1972; Reidy and Langille, 1980) . More importantly, the effects of this orienting influence at arterial branches have been elucidated. Here the flow patterns are complex (Ferguson and Roach, 1972; Roach, 1977) and the arterial wall has a predilection for atherosclerotic lesion development (Montenegro and Eggen, 1968; Cornhill and Roach, 1974) . Understanding how endothelial cell morphology is affected by local flow patterns is the first step in defining its response to these flows. At present it is not clear whether alignment of the cells with flow reflects a functional adaptation or whether it is essentially a passive phenomenon that is unimportant to cell function. For example, it is not known whether endothelium is more susceptible to damage induced by flow parallel or perpendicular to cell alignments, or whether permeability characteristics of the cell depend on flow direction. when a similar degree of hypertrophy is produced by pressure overloading, the myocardium is functionally abnormal (Meerson and Pshennikova, 1965; Spann et al., 1967; Gunning and Coleman, 1973) . In previous studies (Cooper et al., 1973b; Sack et al., 1975) , an acute pressure overload produced contractile defects as well as abnormal energetics and calcium kinetics in hypertrophied myocardium. In a subsequent study (Cooper et al., 1974) , we found that these abnormalities were fully reversible when the pressure overload was removed at 4-6 weeks or 14-16 weeks after the development of hypertrophy but before the appearance of congestive heart failure. Another study (Coulson et al., 1977) confirmed this finding but found little potential reversibility
